Abstract-Over the past 30 yr several different estimates for the water and chemical budget of Lake Baikal have been produced. These publications are of variable quality and sometimes contradictory. However, a review of the studies indicates that it is possible to construct satisfactory estimates for a complete chemical budget of the lake.
Lake Baikal, the largest lake by volume (23,000 km3) in the world, is known for its great depth (1,637 m), ancient age (25 X lo6 yr), and the presence of more than 1,000 endemic plant and animal species. It holds the greatest storage of pure freshwater in the world. There is only one outflow from the lake (the Angara River), whereas the inflow is supplied by more than 300 rivers and streams.
The first budget calculations for Lake Baikal were made in the 1960s. The water budget by Afanasjev (1959 Afanasjev ( , 1960 and the chemical budget by Votintsev (1961) summarized the results of these classic investigations. During the last 30 yr, many new publications have appeared, reflecting different balance characteristics of the lake: a new water balance, a mass budget of total dissolved solids (TDS), a budget of suspended sediments, a budget of organic substances (OS), and a budget of individual chemical elements. Published estimates are not of equal quality, and they are sometimes contradictory. My aim here is to summarize the main publications in this field in order to make them available to interested foreign scientists (whose numbers have increased substantially since 1990, when the Baikal International Center for Ecological Research [BICER] was organized), to try to establish the quality of published material, and to reveal the less-investigated aspects of balances that demand further research. The accuracy of estimates given in this review is -10% for the water balance and is not better than 20% for the budgets of suspended sediments and chemical elements.
The simplified input-output budget model for elements (suspended sediments, TDS, OS, major ions, nutrients, etc.) is formulated as follows: IN -OUT = AC, where IN is the total input, OUT is the total output of elements, and AC is the accumulaion of elements in the lake (in the water column or bottom sediments).
Items of the budget are expressed not only in units of thousands of metric tons per year, but also in percent of total input in order to highlight the role of different inputs. Also, with an accumulation presented in percent of the total input, it is more convenient to compare accumulation rates during different periods. Separation of dissolved vs. particulate budgets, as reported in this review, is caused by the absence of data on the chemical composition of riverine suspended pariculate matter. Until recently, there were scant data concerning the concentration of particulate Fe, Mn, P, and Si in riverine waters (Vykhristyuk 1977) . We collected a new set of data during 1992-1994 and used it to construct a complete chemical budget for some elements (Granina et al. 1995; Callender and Granina 1997a, b) .
The basis for any chemical mass balance is the water budget (Table 1 ). The first estimates of the water budget were calculated simultaneously and independently by two different investigators. These are related to the period before the construction of the Irkutsk Hydro-Electric Power Station in 1958 (Table 1) . Tseitlin (1959) found that water input exceeded output. An opposite result was obtained by Afanasjev (1959) . The difference was attributed by both investigators to groundwater discharge (input or output, respectively). In the water balance for the years 1901 -1970 (Vikulina and Kashinova 1973 , no account was made for the groundwater component. In the present publication, new data also indicate larger atmospheric input and evaporation from the water surface. In his book on the problem of the water budget in Lake Baikal, Afanasjev (1976) showed clearly that contradictions in the calculated water budget could be due to neglecting the groundwater input. The total input of groundwater averages 1.1 km3 yr-I in accordance with the direct measurements of Pisarskii (1987) .
A new water budget for the period after construction of the Irkutsk Power Station was calculated as a result of longterm studies performed by scientific organizations in St. Petersburg, Moscow, Rostov, and Irkutsk (Gronskaya and Litova 1991) . These data on the water balance seem to be the most complete and reliable and can be recommended as a basis for the calculation of chemical mass budgets. The groundwater input is not taken into account in this budget because of the absence of good methods to estimate its annual volume. Because the groundwater term is <5% (Table  l) , it can be ignored for the chemical mass budgets.
The budget for suspended sediments is the basis for calculating the input of particulate chemical elements. The major input of many substances entering Baikal occurs in the soluble form. Next in importance is the input of solid substances (suspended sediments). Thirty years ago the input of solids was estimated at -60% of the total dissolved input (Votintsev et al. 1965) ; in light of more recent data (Agafonov 1990), it is only 37%.
Estimates of the suspended-sediment budget are contradictory (Table 2) . Initially, the input of suspended particles and their output through the Angara River were calculated by Knyazeva (1954) , who used indirect data ( 1901 -1970 1962 -1988 1901 -1955 1899 -1955 (Vikulina and 1901 -1971 (Gronskaya and (Afanasjev 1959 ) (Tseitlin 1959 trikeeva (1963) presented a number that is 3 times greater (7,850 kt yr-l) for the input of riverine particulate matter. Votintsev (1961) estimated that 3,725 kt of suspended sediments enter the lake annually. In the light of recent data presented in Table 2 , the input of solids calculated by both Knyazeva (1954) and Votintsev (1961) is reasonable. However, the output through the Angara River (1,493 kt yr-I) reported by Knyazeva (1954) is obviously too high (Table  2) . Later, the output through the Angara River was calculated using the concentration of suspended particles in southern Baikal waters (Vykhristyuk 1977) . The value obtained (308 kt yr-I) is 5 times lower than that reported by Knyazeva (1954) . However, it is still too high compared to the results obtained during the last years ( Table 2) .
The variability in data given in Table 2 is caused by different methods of collection for suspended sediments. Pampoura et al. (1993) used the sediment discharge data from the State Hydrometeorological Survey (SHS), which take into account not only the concentration of suspended sediments, but also that of bed load. Moreover, sampling sites for the three largest tributaries (that account for 80% of riverine particulate input) are located some 50-130 km from the river mouths. Both factors result in a high value for the input of suspended sediments (4,180 kt yr'), which was reduced to 2,304 kt yr-' by means of correction for resuspension of sediments in the river deltas (Pampoura et al. 1993) .
Scientists of the Limnological Institute (LIN) have collected water samples near the mouths of rivers. Suspended sediments were sampled by passing water through 0.45-pm (pore size) filters (Tarasova and Mescheryakova 1992). Anokhin et al. (1991) used data from different sources (SHS, LIN, Hydrochem. Inst.) and did not pay attention to disagreements in methodologies. These data should be regarded with some care. Agafonov (1990) mainly used data collected by Vlasova (1983) . Her investigation is the only systematic study of the input-output of riverine suspended particles. However, the data are not precise due to using paper filters and the absence of reliable controls because students were used to collect and treat samples, etc. Thus, none of the [1990] [1991] [1992] given in Table 2 , we calculate the average rate of accumulation of fine sediments in the lake to be 3.68X106 t yr-I, which is close to the estimate of 3.56X 1 O6 t yr-l calculated by Callender and Granina ( 1997a) using more direct measurements of sedimentation. Note that the fluvial input of suspended particles (-3,000 kt yr-I, Table 2 ) is 4 times smaller than the total mass of suspended particulate matter in Lake Baikal (11,500 kt; calculated using the mean concentration of suspended particles in the lake water, 0.5 mg liter-'). Comparison of these values points out the importance of autochtonous organic matter production in Lake Baikal, which is clearly shown by the data in Table 3 .
The mass balance for TDS (Table 4) was first estimated by Votintsev (1961) , who further revised it during the next 20 yr. Shortly after the first publication (Votintsev 1961) , theoretically calculated input from ungauged rivers (which amounted to 40% of the total riverine input of TDS) was added to the budget (Votintsev et al. 1965) . As a result, the calculated accumulation of TDS in the lake increased from 14 to 24% of the total input to the lake (Table 4) . For a long time Votintsev adhered to this revised budget (Votintsev 1967 (Votintsev , 1978 . However, in one of his last publications, Votintsev (1982) returned to the initial version of his budget (Votintsev 1961) . Generally, the initial version is more satisfactory because comparison with estimates reported in the 199Os, when methods to calculate input from ungauged rivers were improved, shows (Table 4) that the input of TDS in the second version of budget (Votintsev et al. 1965 ) is too high.
The accumulation of TDS in the lake is 13-14% of their Table 4 . The mass budget for total dissolved solids in Lake Baikal.
inputs (Votintsev 1961; Anokhin et al. 1991 ; Table 4 ). However, Tarasova and Mescheryakova (1992) reported a value that is 2 times higher-28% (Table 4 ). To compare data from different sources, we calculated a mean conditional concentration of TDS for the waters of Baikal tributaries and Angara River by using the modern water balance (Gronskaya and Litova 1991; Table 1 ) and data given in Table 4 . Results of this calculation (Table 5) show that the great difference between mean TDS of tributary waters and the Angara River water was obtained with the data of Tarasova and Mescheryakova (1992). Concentration of TDS in the Angara River water should be close to the average TDS of Baikal waters (96 mg liter-'). However, the value calculated from the data reported by Tarasova and Mescheryakova (1992) is 81 mg liter-' (Table 5) . Such a large difference (15 mg liter-') is difficult to explain, and one can suppose that the outflow of TDS via the Angara River measured by Tarasova and Mescheryakova (1992) is too low. Two versions of the budget for organic substances (Table  6 ) have been published by Votintsev (Votintsev 1961; Votintsev et al. 1965 ). In the second version (Votintsev et al. 1965) , accumulation of OS in Baikal increased (from 61 to 76% of total input to the lake) due to a significant increase in the input: theoretically calculated input of OS from ungauged tributaries had been added to the total OS input. Tarasova and Mescheryakova (1992) reported the OS input from gauged rivers for the years [1970] [1971] [1981] [1982] [1983] [1984] equal to 640 kt yr-', and they concluded that accumulation of OS in Lake Baikal had increased compared to 1950s. A high level of the OS accumultion in the lake (-600 kt yr-I) was recently reported by Pampoura et al. (1993) Table 5 . Average conditional concentration of TDS in the waters of tributaries and the Angara River (mg liter-').
From Table 4 Difference Waters of Angara waters between tributaries (1) (2) (1) and (2) Votintsev 196 in Table 6 . Systematic, long-term observations on atmosperic chemistry performed by LIN do not confirm such a sharp increase in the OS concentration in atmospheric depositions for the Baikal region (T. Khodger unpubl. data). Data reported by Anokhin et al. (1991) differ considerably from all other estimates; the OS output through the Angara River (Table 6 ) is much too high and seems to be suspect. The well-known balance for organic carbon in Lake Baikal (Votintsev and Popovskaya 1974 ) is presented in Table  3 . New studies of carbon cycling with Lake Baikal are under way under the auspices of BICER.
The budgets for the major ions, Fe and Si, were calculated by Votintsev et al. (1965) and Tarasova and Mescheryakova (1992) . Only dissolved forms of the elements were taken into account; the input-output of particulate elements was not considered in these studies. Similar budgets for Fe and Mn have been reported by Leibovich-Granina ( 1987) .
Estimates of the rate of elements accumulation in the lake are the result of mass balance studies. Such values for Lake Baikal are derived for different periods (Table 7) . To recalculate the budget for the 195Os, Tarasova and Mescheryakova (1992) used practically the same LIN data that were used by Votintsev 30 yr ago. The main distinguishing feature of the more recent calculation of the budget for the 1950s published by Tarasova and Mescheryakova (1992) is a decreasing input of all elements (except for Fe and Cl ions) from ungauged tributaries as compared with the previous estimates (Votintsev et al. 1965) , which resulted in lower accumulation of the most of elements (Table 7) .
As for the data obtained in 1970-198Os, Tarasova and Mescheryakova (1992) think that they point to a change in Table 6 . The budget for organic substances in Lake Baikal. the chemical balance: the accumulation of almost all the chemical elements increased compared to values reported for the 1950s. They predict an increase of TDS concentration in Baikal waters of 1.5% by the end of the 20th century. The greatest increases will occur for sulfate, chloride, and OS (3.6, 10, and 18% respectively), which enter Lake Baikal as a result of industrial pollution (Tarasova and Mescheryakova 1992) .
However, such predictions should be regarded with care. The increase in the accumulation of the most of elements in 1970-1980s compared to the 1950s reported by Tarasova and Mescheryakova (1992) is caused by recalculation of previously reported by Votintsev et al. (1965) budget and underestimated (too low) outflow from the lake they measured in 1970-1980s. Moreover, it is important that new analytical methods were utilized at LIN in the early 1980s. Unfortunately, the low accuracy of the balance estimates does not allow such quantative predictions. Recently published data (Falkner et al. 1991) , as well as results of current hydrochemical studies performed in LIN, confirm the high quality of Baikal waters, whose chemical composition (major ions and nutrients) has not changed substantially during the last 30 yr.
The budgets for N and P compounds in Lake Baikal have been poorly investigated. The first information on the P mass balance was published by Patrikeeva (1963) , who attempted to take into account the input of riverine particulate I? However, she used a value for the riverine input of suspended sediments that was significantly higher than subsequent estimates. As a result, the total P input to the lake was overestimated at 10.7 kt P yr-I. 1970-1971 and 1981-1984. More recent estimates include only input-output of socalled dissolved forms of N and P (samples were unfiltered), although it was speculated (Votintsev et al. 1965 ) that the particulate input of nutrients could be significant. The first N and P budgets made by Votintsev (1967) were later revised (Votintsev and Popovskaya 1974) unsuccessfully. Data concerning organic N and P input from tributaries (Verbolova and Mescheryakova 1973) were used as a basis for this revision. The addition of organic N and P inputs resulted in a substantial increase in total input of nutrients to the lake (Votintsev and Popovskaya 1974; Table 8 ). This same budget was again published later by Votintsev (1982) , however, 3 yr after this publication. Votintsev (1985) reported (probably by mistake) that the inputs of N and P compounds from the drainage basin were 18.2 kt yr-* and 3.2 kt yr-I, respectively. Votintsev's more recent articles (Votintsev 1982 (Votintsev , 1985 contain some inaccuracies; therefore, it is preferable to use his earlier publications. Verbolova and Mescheryakova (pers. comm.) acknowledged errors in their original calculations (Verbolova and Mescheryakova 1973) , thus invalidating the revised budget of nutrients published by Votintsev and Popovskaya (1974) .
The N budget of Galazii and Tarasova (199 1) for the years 1968-1987 includes an input of N compounds from riverine Table 8 . The budgets for nitrogen and phosphorus in Lake Baikal.
waters that is practically the same as published earlier by Votintsev (1967) (Table 8 ). This seems strange because Galazii and Tarasova (199 1) took into account both mineral and organic fractions of N, whereas Votintsev (1967) considered only the mineral fraction. Output of N through the Angara River calculated by Galazii and Tarasova (1991) is half of that reported by Votintsev (1967) . Hence, N accumulation in the lake appears to be high-63% of total N input to the lake-compared to previous estimates (35%, Votintsev 1967). For both N and P atmospheric inputs increased substantially in the recent mass budget of nutrients (Table 8) . A new version of N and P budgets was published a year later by Tarasova (Tarasova and Mescheryakova 1992; Table 8 ). It is difficult to reconcile such quick changes in the nutrient budgets using the same data.
Owing to reported contradictory results, the study of these nutrient balances remains an important task for further research. An attempt to study the P mass balance in Lake Baikal, taking into account the input-output of particulate P has been recently undertaken by Callender and Granina (1997b) who used the data published in Russian literature. This version of the P mass budget (Table 8) in the atmospheric flux during the last years. A large fraction (8 1%) of the total P input accumulates in the lake annualy. This review of the publications concerned with chemical balance studies in Lake Baikal shows that there are satisfactory estimates for the water budget (Gronskaya and Litova 1991) and for the mass budget of total dissolved solids (Votintsev 1961 (Votintsev , 1982 . The best budget for suspended sediments is reported by Agafonov (1990) ; however, new studies based on the modern methods of collection for suspended sediments need to be realized. As for the mass budgets for individual chemical elements, they need to be completed with accurate estimates of the input-output of the particulate fraction of these elements. Further efforts should be directed toward the investigation of the suspended-sediment budget and that for specific chemical substances, especially microelements and nutrients.
